Several viruses target cellular promyelocytic leukemia (PML)-nuclear bodies (PML-NBs) to induce their disruption, marked morphological changes in these structures or the relocation to PML-NB components to the cytoplasm of infected cells. PML conversely interferes with viral replication. We demonstrate that PML acts as a coactivator for the human T-cell leukemia virus type 1 (HTLV-1) Tax oncoprotein without direct binding. Tax was identified within interchromatin granule clusters (IGCs)/RNA splicing bodies (SBs), not PML-NBs; Tax expression did not affect PML-NB formation. Moreover, PML and CBP/p300 cooperatively activated Taxmediated HTLV-1-LTR-dependent gene expression. Interestingly, two PML mutants, PML-RAR and PMLD216-331, which fail to form PML-NBs, could also coactivate Tax-mediated trans-acting function but had no effect on retinoic acid receptor (RAR)-or p53-dependent gene expression. In contrast, SMRT (silencing mediator for retinoic acid and thyroid hormone receptors), a nuclear corepressor found within the matrix-associated deacetylase (MAD) nuclear body, relocalized into Tax-associated nuclear bodies upon coexpression with Tax. SMRT coactivated the trans-acting function of Tax through direct binding. Coexpression of SMRT and PML resulted in an additive activation of Tax trans-acting function. Thus, crosstalk between distinct nuclear bodies may control Tax function.
Introduction
The promyelocytic leukemia (PML) gene was originally identified as a fusion with the retinoic acid receptor (RARa) gene formed by the characteristic t(15;17) translocation found in patients with acute promyelocytic leukemia (APL) (de The´et al. , 1991; Goddard et al., 1991; Kakizuka et al., 1991; Pandolfi et al., 1991) . PML controls aspects of apoptosis, cell proliferation, tumor suppression, senescence, and transcriptional regulation (reviewed in Gottifredi and Prives, 2001; Salomoni and Pandolfi, 2002; Zhong et al., 2000a) . PML belongs to a family of proteins containing an RBCC motif, a C 3 HC 4 (RING) zinc-finger motif, two additional cystein-rich motifs (B-boxes), and a coiled-coil motif. PML is found within distinct speckled subnuclear bodies, termed PML nuclear bodies (PML-NBs), Kremer bodies, nuclear domain 10 (ND10), or PML oncogenic domains (POD). PML can be modified by the ubiquitinlike protein SUMO-1 at three lysine (K) sites: K65 within the RING finger, K160 in the first B box, and K490 in the nuclear localization sequence (NLS). These modifications are essential for proper PML-NB formation (Kamitani et al., 1998; Mu¨ller et al., 1998; Zhong et al., 2000b) .
The PML-nuclear body is a target of viral infection; herpes simplex virus-1 (HSV-1) DNA accumulates in the periphery of nuclear bodies . In addition, the HSV-1 early protein ICP0/Vmw110 localizes to nuclear bodies to induce rapidly their disruption (Maul et al., 1993; Everett and Maul, 1994; Everett et al., 1999; Mu¨ller and Dejean, 1999) . The human cytomegalovirus (CMV) early proteins IE1 and IE2 disrupt nuclear body structures in a similar manner (Ahn and Hayward, 1997) . Adenovirus Ad5 protein, the Epstein-Barr virus nuclear antigen EBNA5, and early papilloma virus proteins transiently accumulate in the nuclear bodies of infected cells (Puvion-Dutilleul et al., 1995; Szekely et al., 1996; Day et al., 1998; Swindle et al., 1999) . PML interferes with viral replication by repressing human foamy virus (HFV) transcription through the formation of a complex with the HFV trans-activator, Tas, thus preventing Tas binding to viral DNA (Regad et al., 2001) . The arenavirus RING protein, however, binds PML, relocating nuclear body components to the cytoplasm (Borden et al., 1998) . Following human immunodeficiency virus (HIV) infection, PML accumulates in the cytoplasm to interfere with HIV's ability to integrate into the host genome (Turelli et al., 2001) .
Tax, the human T-cell leukemia virus type 1 (HTLV-1) transcriptional trans-activator acting at the long terminal repeat (LTR), stimulates the transcription of various cellular genes and promotes cell proliferation (reviewed in Yoshida, 2001) . Tax binds to the transcriptional coactivator CBP/p300 to activate cAMP-responsive element binding protein (CREB)-dependent transcription of HTLV-1 promoters (Kwok et al., 1996) . This interaction may stifle the transcriptional activity of other CBP-dependent transcription factors, including p53 (Suzuki et al., 1999; Van Orden et al., 1999; Ariumi et al., 2000) . Tax localizes into both speckled subnuclear bodies and the cytoplasm. Little is known, however, about the mechanism whereby PML modifies Tax function(s) and inhibits the HTLV-1 replication. We therefore investigated the crosstalk between distinct nuclear body components, including Tax, PML, and SMRT (silencing mediator for retinoid and thyroid receptor) (Ordentlich et al., 1999; Downes et al., 2000) .
Materials and methods

Cell culture
The HTLV-1-infected T-cell lines, MT-2, MT-4, and HUT102, were maintained in RPMI1640 medium supplemented with 10% heat-inactivated fetal calf serum (FCS) at 371C in a humidified 5% CO 2 atmosphere. SaOS2, 293T, COS7, wildtype MEF, and PML À/À MEF cells (Wang et al., 1998) were maintained under similar conditions in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% FCS at 371C.
Plasmid constructions
To construct pcDNA3-FLAG-PML (P1) and its various deletion mutants (P2-P6), DNA fragments encoding PML were amplified by PCR from pCMX-PML (Kakizuka et al.,. 1991) with the appropriate primers (P1, 5 0 -CGGGATCCAA-GATGGAGCCTGCACCCGCC-3 0 and 5 0 -CCGCTCGAGT-CACCACAACGCGTTCCT-3 0 ; P2, 5 0 -CGGGATCCAAGA-TGCAGTGCCCCATCTGC-3 0 and 5 0 -CCGCTCGAGTCA-CCACAACGCGTTCCT-3 0 ; P3, 5 0 -CGGGATCCAAGATG-GAGCCTGCACCCGCC-3 0 and 5 0 -CCGCTCGAGTCAG-CACGAGCAGCACAG-3 0 ; P4, 5 0 -CGGGATCCAAGATG-GAGCCTGCACCCGCC-3 0 and 5 0 -CCGCTCGAGTCAC-GCGCTGCCCGTGCG-3 0 ; P5, 5 0 -CGGGATCCAAGATG-GCGCTCCTTGACAGC-3 0 and 5 0 -CCGCTCGAGTCAC-CACA-ACGCGTTCCT-3 0 ; P6, 5 0 -CGGGATCCAAGATG-GCGCTCCTTGACAGC-3 0 and 5 0 -CCGCTCGAGTCA-CGCGCTGCCCGTGCG-3 0 ). The products were subcloned into the BamHI-XhoI site of pcDNA3-FLAG for mammalian expression (Ariumi et al., 2001) .
Luciferase assay
Plasmids were transfected into SaOS2 or 293T cells (2 Â 10 4 cells) using the FuGENE6 transfection reagent (Roche). Luciferase assays were performed 24 h after transfection. Plasmids were transfected into MT-2 cells using SuperFect transfection reagent (Qiagen). All transfections utilized equal total DNA quantities by the addition of empty vector into the transfection mixture. Assays were performed using lysates obtained following three independent transfections.
Immunoblotting analysis
Cells were lysed in lysis buffer containing 50 mm Tris-HCl (pH 8.0), 150 mm NaCl, 4 mm EDTA, 1% Nonidet P-40 (NP-40), 0.1% SDS, 1 mm DTT, and 1 mm PMSF. Postclear Supernatants from these lysates were subjected to SDS-PAGE, followed by immunoblotting analysis using either an anti-Tax antibody (MI73) or an anti-PML antibody (1B9 or PM001, MBL).
Immunoprecipitation
Cells were lysed in lysis buffer containing 50 mm Tris-HCl (pH 8.0), 150 mm NaCl, 4 mm EDTA, 0.1% NP-40, 10 mm NaF, 0.1 mm Na 3 VO 4 , 1 mm DTT, and 1 mm PMSF. Lysates were precleared with 30 ml of protein-G-sepharose (Amersham). Precleared supernatants were incubated with either 2 mg of anti-Tax antibody (MI73), anti-PML antibody (1B9 or PM001, MBL), or normal mouse IgG at 41C for 1 h. Following absorption of the precipitates on 30 ml of protein-G-sepharose resin for 1 h, the resin was washed four times with 700 ml lysis buffer. Proteins were eluted by boiling the resin for 5 min in 1 Â Laemmli sample buffer. The proteins were then subjected to SDS-PAGE, followed by immunoblotting analysis using either anti-Tax or anti-PML antibodies.
Immunofluorescence and confocal microscopic analysis
Cells were fixed in 3.5% formaldehyde in phosphate-buffered saline (PBS) and permeabilized in 0.1% NP-40 in PBS at room temperature. Cells were incubated with anti-Tax antibody (MI73 monoclonal antibody or rabbit polyclonal antibody), anti-PML antibody (PM001, MBL), anti-CBP antibody (A-22, Santa Cruz), anti-SC-35 antibody (SC-35, Sigma), anti-FLAG antibody (M2, Sigma), or anti-nucleoli antibody (PSS serum) (Nosaka et al., 1993) at a 1 : 300 dilution in PBS containing 3% bovine serum albumin [BSA] at 371C for 1.5 h. Samples were then stained with fluorescein isothiocyanate (FITC)-conjugated goat anti-rabbit or anti-human antibody and Rhodamine-conjugated goat anti-mouse antibody (1 : 300 in PBS containing BSA) at 371C for 40 min. Following extensive washing in PBS, cells were mounted on slides using a mounting media of 90% glycerin/10% PBS with 0.01% p-phenylenediamine added to reduce fading. Samples were viewed under a confocal laser-scanning microscope (Micro Radiance, BioRad) ( Â 600).
Results
PML coactivates the trans-activation function of HTLV-1 Tax
PML represses the HFV transcription by forming a complex with the HFV trans-activator Tas, a functional analogue of HTLV-1 Tax (Regad et al., 2001) . To determine the effect of PML on repression of HTLV-1 Tax-mediated trans-acting function, SaOS2 cells were cotransfected with plasmids expressing either Tax (Yamaoka et al., 1996) or PML (Kakizuka et al., 1991) . Following cotransfection of an additional HTLV-1-LTR reporter plasmid (Akagi et al., 1997) , luciferase assays were used to assess HTLV-1 transcription. Unlike HFV Tas, PML significantly coactivated Tax-mediated activation of HTLV-1-LTR promoter activity, while PML failed to repress basal level transcription in the absence of Tax (Figure 1a ). Expression of either PML or Tax did not alter the protein expression levels of Tax or PML, respectively ( Figure 1b ). PML also coactivated Tax trans-activation in other cell lines, including 293T, Rat1 (data not shown), and MT-2, an HTLV-1-infected T-cell line (Figure 2a ). PML and the transcriptional coactivator CBP/p300 cooperated to activate Taxmediated HTLV-1-LTR-dependent gene expression (Figure 1c and d) . In addition, cotransfection into 293T cells of a PML-expressing plasmid and an HTLV-1 infectious molecular clone, lHTLV-I, harboring the full-length HTLV-1 proviral DNA (Mori et al., 1987) , elevated HTLV-1-LTR promoter activity (Figure 2b ), suggesting that PML does not repress HTLV-1 replication. Thus, PML appears to act as a coactivator for HTLV-1 Tax oncoprotein.
Several viruses target PML-nuclear bodies (PMLNBs) to induce disruption, dramatic morphological change, or the relocation of PML-NB components to the cytoplasm of infected cells (Maul et al., 1993; Everett and Maul, 1994; Ahn and Hayward, 1997; Borden et al., 1998; Everett et al., 1999; Mu¨ller and Dejean, 1999; Turelli et al., 2001 ). We did not observe, however, any disruption or relocation of PMLNBs in the HTLV-1-infected T-cell lines MT-2, MT-4, and HUT102 (Figure 2c ). This result suggests that PML-NBs are not a target of HTLV-1 infection. We could not coimmunoprecipitate Tax with PML in 293T cell lysates following transient coexpression of Tax and PML (Figure 3a) , suggesting that Tax does not directly bind PML in vivo.
To confirm a role for PML in Tax-mediated transactivation function, we isolated wild-type mouse embryonic fibroblasts from wild-type (PML +/+ MEF) and PML-deficient (PML À/À MEF) mice (Wang et al., 1998) . Tax-mediated trans-acting function was reduced in PML À/À MEF in comparison with wild-type MEF, despite the ability of Tax to activate the HTLV-1-LTR promoter in PML À/À MEF ( Figure 3b ). These data indicate that although Tax can trans-activate the LTR promoter in the absence of PML, PML acts as a significant coactivator of HTLV-1 Tax function. Tax predominantly localizes to IGCs/SBs not PML-NBs PML is required for the proper formation of PML-NBs. In the absence of PML, several PML-NB-localized proteins, including Sp100, CBP, Daxx, and SUMO-1, failed to accumulate in PML-NBs (Zhong et al., 2000b) . We sought to test if the reduced trans-activation function of Tax in PML À/À MEF may result from a failure to localize to speckled subnuclear bodies in the absence of PML. Examination of the localization of Tax in wild-type and PML À/À MEF determined that Tax predominantly localized to speckled subnuclear bodies in both cell types (Figure 3c ), indicating that Tax is not a PML-NB protein. Following coexpression of Tax and PML in wild-type MEF, Tax was observed outside of PML-NBs, failing to colocalize with PML (Figure 4) . We next examined the potential overlap of Tax with established nuclear substructures to identify the nuclear domain containing Tax. COS7 cells transiently expressing PML and/or Tax were stained with antibodies against Tax and either SC-35, PML, CBP, or serum from a patient with progressive systemic sclerosis (PSS), containing autoreactive antinucleoli antibodies (Nosaka et al., 1993) to visualize PML-NBs. Cells were also examined for colocalization of Tax with interchromatin granule clusters (IGCs)/RNA splicing bodies (SBs) and nucleoli. Immunofluorescence and confocal microscopic analysis revealed the colocalization of an anti-SC-35 antibody with Tax (Figure 4a-c) , indicating that Tax localizes to IGCs/SBs. The staining pattern of PML and nucleoli (No) failed to overlap with that of Tax ( Figure  4d -f and j-l). Tax also colocalized with CBP to speckled subnuclear bodies (Figure 4m-o) . Thus, Tax predominantly localizes to IGCs/SBs, not PML-NBs.
PML coactivates the trans-acting function of Tax without PML-NB formation
We next sought to identify the coactivation domain within PML. We analysed the effect of several PML (Figure 5a ). One P2 mutant, lacking the N-terminal RING-finger domain, formed PML-NBs except some fused large nuclear bodies and coactivated both Tax and p53-mediated trans-activation at similar levels to the full-length PML (P1) (Figure 5b-d) . Additional N-terminal deletion mutants (P3-P6), however, failed to form PML-NBs and could not coactivate the trans-activation function (Figure 5b-d) . These results indicate that the N-terminal RING-finger domain on PML is dispensable for both PML-NB formation and Tax coactivation. To determine if PML-NBs are required for the PML coactivation of Tax, we examined two PML mutants, the PML-RAR fusion protein detected in APL patients and PML D216-331, a mutant lacking the central coiled-coil domain (Figure 6a ). Both mutants fail to form PMLNBs, instead exhibiting a diffuse nuclear and cytoplasmic distribution (data not shown) (Dyck et al., 1994; . 293T cells were cotransfected with plasmid expressing either full-length or mutant PML and a retinoic acid receptor (RAR)-dependent reporter plasmid, pRARE-Luc containing three RAR-binding sites (GTTCACCGAAAGTTCAC) repeats (Watashi et al., unpublished) . Luciferase assays were performed 24 h later following treatment with 1 mm all trans-retinoic acid (ATRA). Wild-type PML coactivated RAR-dependent promoter activity, while the PML-RAR fusion protein could not (Figure 6c ). In addition, the PML D216-331 mutant failed to coactivate both RARdependent and p53-dependent promoter activity (Figure 6e ). Interestingly, PML-RAR and PML D216-331 coactivated Tax trans-activation as well as wild-type PML, despite the absence of PML-NB structures (Figure 6b and d) . Thus, although PML-NBs formation are not required for the PML coactivation of Tax-mediated LTR-dependent gene expression, the central region of PML (amino acid residues 86-216 and 331-395) appears to be essential for the coactivation of Tax-mediated trans-activation.
SMRT coactivates the trans-acting function of Tax
The nuclear corepressor SMRT (Ordentlich et al., 1999) was identified as a component of a novel nuclear body, termed the matrix-associated deacetylase (MAD) body (Downes et al., 2000) , observed as minute speckles in SMRT-expressing COS7 cells (Figure 7k ). Tax, however, altered the distribution of SMRT, recruiting it into Tax-containing nuclear bodies in SaOS2 (Figure 7a -c) S-labeled 293T cells coexpressing Tax and SMRT, Tax was able to coimmunoprecipitate SMRT (Figure 8a ). SMRT also bound two Tax mutants, m148, which activates the CREB but not the NF-kB pathways, and m319, which activates the NF-kB but not the CREB pathway (Yamaoka et al., 1996) , at levels similar to wild-type Tax (Figure 8b) . To elucidate the role of SMRT in Tax trans-activation, we performed luciferase assays in 293T cells coexpressing wild-type or m148 Tax and SMRT. SMRT, however, significantly coactivated Tax-mediated HTLV-1 LTR-dependent gene expression (Figure 9a ), but not other promoter-dependent activities, including PKA (protein kinase A)-mediated CREB-dependent gene expression (Figure 9b ), p53-dependent gene expression (Figure 9c) , and Tax-mediated NF-kB-dependent gene expression (data not shown). Thus, SMRT coactivation appears to be specific for Tax. SMRT, however, did not increase Tax protein expression levels (Figure 9f) . Coexpression of SMRT and PML resulted in additive activation of Tax trans-activation (Figure 9d ). SMRT could not coactivate Tax function in PML À/ À MEF (Figure 9e) . Unexpectedly, when PML expression plasmid was cotransfected to PML À/À MEF cells, the coactivation by SMRT was not observed (data not shown). These results imply novel mechanisms of a-c, d-f, g-i) and/or pCMXmSMRTaFL (Ordentlich et al., 1999; Downes et al., 2000) (a-c, d-f, j-l) . Cells were doubly stained with anti-Tax antibody (a and c, d and f, g and i) and anti-SMRT antibody (PA1-842, ABR) (b and c, e and f, k and l), followed by appropriate Rhodamine or FITCconjugated secondary antibodies. Images were visualized using a confocal laser scanning microscope ( Â 600). The right panels demonstrate two-color overlay results (Merge). Colocalization is shown in yellow crosstalk among distinct nuclear body components to regulate Tax function.
Discussion
The Tax-associated nuclear body has been suggested to be critical in the regulation of Tax function. The targeting of Tax to Tax-associated nuclear bodies is likely to be a prerequisite for CREB-dependent, but not NF-kB-dependent, function (Burton et al., 2000) . Previous studies reported that Tax localizes into PMLNBs (Desbois et al., 1996; . Tax delocalized a PML-NB-associated protein, Int-6, originally discovered as a protein encoded by the region of an integration site for the murine mammary tumor virus (MMTV) (Desbois et al., 1996) ; the biological significance of the interaction between Tax and Int-6, however, remains to be clarified. In support of further studies demonstrating Tax localization into IGCs/SBs (Semmes and Jeang, 1996) , we confirmed that Tax localizes into IGCs/SBs, not PML-NBs (Figures 3c and  4 ). This evidence suggested that Tax may alter the distribution of the transcriptional coactivator CBP from PML-NBs to IGCs/SBs (Figure 4) . CBP directly binds PML, thus relocalizing into PML-NBs; CBP is then able to activate PML-NB-directed expression, such as nuclear receptor (RAR)-dependent transcription . Tax, however, also binds to CBP to activate CREB-dependent transcription of the HTLV-1 promoter (Kwok et al., 1996) . This interaction may squelch the transcriptional activity of other CBPdependent transcription factors, including the PML-NB-directed transcription factors p53 and RAR Suzuki et al., 1999; Van Orden et al., 1999; Ariumi et al., 2000) . Tax also altered the distribution of SMRT from MAD bodies to Tax-associated nuclear bodies in conjunction with SMRT coactivation of Tax trans-activation (Figure 7) . Thus, Tax may target and relocalize several distinct subnuclear body components, including CBP/p300, SMRT, and Int-6, into Tax-associated nuclear bodies/ IGCs/SBs or into the cytoplasm to achieve its function.
It has been indicated that several viruses target PMLnuclear bodies (PML-NBs) causing their disruption, marked morphological change or the relocation of PML-NBs to the cytoplasm of infected cells and thus, PML conversely interferes with viral replication (Maul et al., 1993; Everett and Maul, 1994; Puvion-Dutilleul et al., 1995; Ahn and Hayward, 1997; Borden et al., 1998; Chelbi-alix et al., 1998; Everett et al., 1999; Mu¨ller and Dejean, 1999; Turelli et al., 2001) . PML-NBs are thought to be a site of replication for DNA viruses Burkham et al., 1998; reviewed in Maul, 1998) . HTLV-1 Tax, however, did not directly bind PML, instead colocalized into IGCs/SBs while preserving the PML-NB structure (Figures 3c and 4) . This evidence suggests that PML is not a direct target of HTLV-1 infection. For HTLV-1, IGCs/SBs, not PML-NBs, may be the center of viral replication/transcription. Despite a lack of direct binding, PML significantly coactivated Tax trans-acting function (Figure 1 ), while still inhibiting the replication of other retroviruses, such as HIV-1 and HFV (Regad et al., 2001; Turelli et al., 2001) . As HFV Tas binds PML directly to localize into PML-NBs (Regad et al., 2001) , PML may inhibit the trans-acting function of HFV Tas in a manner dissimilar to HTLV-1 Tax. Interestingly, two PML mutants failing to form PML-NBs, PML-RAR, and PMLD216-331, could coactivate Tax-mediated trans-acting function but not retinoic acid receptor (RAR) or p53-dependent gene expression ( Figure 6 ). Thus, the formation of PML-NBs is not required for the coactivation function of PML in Tax-mediated HTLV-1-LTR-dependent gene expression. Tax was able to activate LTR-dependent gene expression in PML-deficient (PML À/À ) MEF cells, although trans-activation was relatively reduced in comparison with wild-type MEF (Figure 3 ). In addition, the nuclear corepressor SMRT bound Tax to coactivate Tax trans-acting function on HTLV-1 LTR-dependent gene expression (Figures 8 and 9) . This coactivation appears to be specific for Tax-mediated HTLV-1 LTRdependent gene expression, because SMRT is generally known as a transcriptional corepressor and SMRT suppressed p53 or RAR-dependent gene expression in our experiment (Figure 9 ). We think that stimulation of SMRT, both the trans-activation and trans-suppression by Tax, is likely to be context dependent; Tax may require to interact some factor to be stimulated in its trans-activation but Tax, interacting with other factor(s) has suppressed its function by SMRT. Thus, crosstalk among distinct nuclear components, including Tax, CBP, PML, and SMRT, serve to regulate Tax function.
